Acetaldehyde is an important aroma compound in dairy products. It is considered the most important aroma compound in yoghurt. In yoghurt fermentation, both Lactobacillus delbrueckii subsp. bulgaricus and Streptococcus thermophilus have been found to produce acetaldehyde (28, 32) . In bacteria, acetaldehyde can be derived from amino acid, nucleotide, and pyruvate metabolism (6) . In lactic acid bacteria, overproduction of amino acid-derived acetaldehyde has been achieved by overproduction of threonine aldolase (GlyA) in S. thermophilus (6) . A thymidine synthase (thyA) deletion strain of Lactococcus lactis produces slightly more nucleotide metabolismderived acetaldehyde than the parental strain (29) , while a D-lactate dehydrogenase (Ldh)-deficient strain of Lactobacillus johnsonii showed a marginal increase in pyruvate-derived acetaldehyde production (22) .
In lactococcal carbon metabolism, pyruvate can be converted to acetyl coenzyme A by pyruvate formate lyase (Pfl) or pyruvate dehydrogenase (Pdh) (16) . Subsequently, acetyl coenzyme A can be converted to acetaldehyde by aldehyde dehydrogenase (Adh). Furthermore, acetate can potentially be converted to acetaldehyde as part of the acetate utilization rescue pathway (12) . However, although several biochemical pathways for acetaldehyde production are described, acetaldehyde is hardly produced as a fermentation end product in L. lactis.
Here we describe the efficient rerouting of pyruvate towards acetaldehyde in L. lactis by functional expression of pyruvate decarboxylase (pdc), originating from the gram-negative ethanologenic bacterium Zymomonas mobilis. In this organism Pdc catalyzes the conversion of pyruvate to acetaldehyde, which is subsequently reduced to ethanol by alcohol dehydrogenase (35) . In addition to this heterologous pdc gene, the endogenous NADH oxidase (nox) gene is overexpressed. Nox overproduction is known to decrease lactate production by NADH-dependent Ldh under aerobic conditions (24) , leading to increased pyruvate availability for alternative reactions. Moreover, the quantitative model of pyruvate distribution in L. lactis (10; jjj.biochem.sun.ac.za/wcfs.html) predicts that overexpression of Nox leads to a reduction in the conversion of acetaldehyde to ethanol by the NADH-dependent alcohol dehydrogenase as a result of the lower NADH/NAD ϩ ratio. Overproduction of pyruvate decarboxylase and NADH oxidase in L. lactis. All plasmid constructions were performed using Escherichia coli MC1061 (5) as an intermediate host.
DNA isolations and manipulations were performed according to established methods (31) . The Zymononas mobilis pyruvate decarboxylase gene was amplified by PCR, using PdcF (5Ј-A GTCTCATGAGTTATACTGTCGGTACCTA-3Ј) and PdcR (5Ј-AGTCTCTAGAAACTAGAGGAGCTTGTTAAC-3Ј) as primers and pGIT510 (8) as the template. The 1.7-kb amplicon was digested with BspHI and XbaI (whose recognition sites are indicated in boldface in the primer sequences above) and cloned under the control of the nisA promoter in NcoI-XbaIdigested pNZ8048 (19) , yielding pNZ7300 (Fig. 1) . A plasmid for overproduction of lactococcal Nox was constructed by transcriptional fusion to the nisA promoter. To this end, the lactococcal nox gene, including its predicted ribosome binding site, was amplified by PCR, using noxtcF (5Ј-GCTAGGATCC TAAAGGAGACCTATTAGTATGAAAATCG-3Ј) and noxtcR (5Ј-CTAACTTTCTATACGTAAAGTTTGAGC-3Ј) as primers and chromosomal DNA of L. lactis MG1363 as the template. The 1.4-kb amplicon was digested with BamHI and SnaBI and cloned in BamHI-Ecl136II-digested pNZ8020 (7), generating pNZ7301 (Fig. 1) . For combined overexpression of both pdc and nox, the nox-containing 1.5-kb NlaIV-XhoI fragment of pNZ7301 was subcloned into Ecl136II-XhoI-digested pNZ7300, yielding pNZ7302 (Fig. 1) .
Overnight cultures of L. lactis NZ9000 (a pepN::nisRK derivative of MG1363) (19) harboring plasmid pNZ7300, pNZ7301, or pNZ7302 were grown at 30°C in M17 broth (Oxoid, Basingstoke, England) supplemented with 0.5% (wt/vol) glucose and 10 g of chloramphenicol per ml to an optical density at 600 nm (OD 600 ) of 0.5. Cultures were split in portions of 50 ml, and expression of pdc and/or nox was induced by the addition of 0.1, 0.2, 0.5, or 1.0 ng of nisin per ml (7) . Growth was continued for another 2 h, and cells were harvested by centrifugation (15 min, 10,000 ϫ g, 4°C), washed once in a 50 mM potassium phosphate buffer (pH 7.0) for Nox quantifications or in a 100 mM Tris malate buffer (pH 6.0) for Pdc quantification, and resuspended in 1 ml of the same buffer.
Cell extracts were prepared by bead beating (24) , and total protein quantification was performed using the method described by Bradford (3) .
Overproduction of Nox and Pdc proteins was visualized by Coomassie blue-stained sodium dodecyl sulfate-polyacrylamide gel electrophoresis (21) . This analysis showed additional protein bands of approximately 61 and 50 kDa upon nisininduced overproduction of Pdc and Nox (Fig. 2) , respectively, which is in good agreement with the predicted molecular masses of these proteins (60.5 and 48.9 kDa, respectively) (4).
NADH oxidase activity in the cell extracts was determined as described previously (24) . To determine the pyruvate decarboxylase activity, 100 l of 10-fold-diluted cell extract was incubated with 30 mM pyruvate in a 100 mM Tris-malate buffer (pH 6.0) in a total reaction volume of 1.2 ml. After incubation for 6 min at 30°C, the reaction was stopped by adding 200 l of 35% (wt/vol) perchloroacetic acid. Subsequently, the pH was adjusted to 9.0 by adding 350 l of 1 M potassium pyrophosphate and 180 l of 10 M potassium hydroxide, precipitated potassium-perchloroacetic acid was removed by centrifugation (1 min at 14,000 ϫ g), and acetaldehyde concentrations were determined using an enzymatic assay according to the manufacturer's protocol (R-Biopharm, Darmstadt, Germany). Specific activities of Nox and Pdc are given as micromoles per minute per milligram of protein.
The enzyme activity measurements ( Fig. 2) showed that in contrast to the Nox overproduction characteristics, the Pdc overproduction levels did not display the typical linear doseresponse curve for the range of nisin concentrations used (7). In addition, overproduction of Nox appeared to be reduced when it was produced in combination with Pdc, relative to overproduction of Nox alone. Nonetheless, these measurements clearly establish the functional overproduction of Pdc and/or Nox in L. lactis NZ9000.
Analysis of metabolites produced by pdc-and/or nox-overexpressing L. lactis. Initially, to evaluate the possible toxicity of the pyruvate decarboxylase product (acetaldehyde) for L. lactis, the MIC (35 Ϯ 4 mM) and the concentration that generates a 50% growth rate reduction relative to the growth of a non- inhibited culture (9 Ϯ 1 mM) for this metabolite were determined using previously described procedures (20; data not shown). Based on these data and the notion that the central carbon metabolism and growth are largely uncoupled in L. lactis (13) , the metabolic impact of Nox and/or Pdc overproduction was evaluated in a two-step fermentation in which the growth and enzyme production phase is separated from the metabolite production phase by resting cell fermentations (11, 14) . To this end, L. lactis NZ9000 derivatives that harbor pNZ7300, pNZ7301, pNZ7302, or pNZ8020 were grown at 30°C under aerobic (100 ml of culture in a 500-ml flask, shaken at 200 rpm) or anaerobic (100 ml of static culture) conditions. At an OD 600 of 0.5, overexpression of the pdc and/or nox gene was induced by adding 1 ng of nisin per ml. Following induction, growth was continued for 2 h under the same conditions. Subsequently, cells were harvested by centrifugation (15 min, 10,000 ϫ g, 4°C), washed twice with ice-cold 50 mM potassium-sodium phosphate buffer (pH 6.0), and resuspended in the same buffer containing 50 mM glucose at a final OD 600 of 10. Cell suspensions were incubated at 30°C and shaken in air at 200 rpm when aerobic conditions were applied. When anaerobic conditions were applied, cell pellets were washed and resuspended in the same buffers in an anaerobic hood, and fermentations were performed at 30°C in airtight, anaerobic vessels that were shaken at 200 rpm. After 2 h of incubation, cells were removed by centrifugation (5 min, 14,000 ϫ g) and glucose and acetaldehyde concentrations were determined in the supernatants by enzymatic assays, according to the manufacturer's protocols (R-Biopharm). Lactate, formate, acetate, acetoin, butanediol, ethanol, and pyruvate levels were determined by high-performance liquid chromatography (HPLC) as described previously (33) . Relative metabolite production levels given correspond to 10 mM glucose consumed ( Table 1) . The main fermentation products produced by L. lactis NZ9000 under aerobic conditions are lactate and acetate, while overproduction of Nox in this strain results in a clear decrease of lactate production and an increase of acetoin production (Table 1 ). This determination is in good agreement with previous observations (10, 23) and can be completely explained in terms of redox balance and pyruvate affinity constants of the enzymes involved (10) . Upon Pdc overproduction, approximately a fourth of the glucose consumed is converted to acetaldehyde at the expense of lactate formation, corroborating the idea that Pdc (the K m for pyruvate is 0.3 mM [26] ) can effectively compete with Ldh (the K m for pyruvate is 1.15 mM [9] ) for the available pyruvate. Only a small amount of ethanol is formed under these conditions by the reduction of acetaldehyde to ethanol, catalyzed by the endogenous alcohol dehydrogenase (Adh), which generally has only a limited activity in L. lactis (10) . Upon combined overproduction of Pdc and Nox, the reduction of lactate production is comparable to that observed upon overproduction of Nox alone. Moreover, acetoin production in these cells was strongly reduced relative to that in cells that overproduce Nox alone, which is caused by the low relative affinity of Als for pyruvate (the K m is 50 mM [10] ) compared with that of Pdc, thereby explaining the effective rerouting of pyruvate towards acetaldehyde at the expense of acetoin production. However, the acetaldehyde production level appeared to be slightly lower than that of cells overproducing Pdc alone, while ethanol production was inhibited by Nox overexpression, which can be explained by the reduced NADH concentration. Remarkably, the observed carbon recoveries for various fermentations, including that of the wild type, appeared relatively low compared to what has been found in other studies (Table 1) (12, 14) . This apparent discrepancy is possibly due to the accumulation of experimental errors in the analysis methods used. Alternatively, other metabolic end products, which were not measured here, may have been produced by these cells. However, neither wide-range organic acid and alcohol (33) nor sugar and polyol HPLC analyses (including mannitol [27] and sorbitol [15] ) (18) revealed unidentified peaks that could correspond to such an alternative metabolite. In this respect, it is noteworthy that a significant negative correlation (P ϭ 0.006) was found between acetaldehyde concentration and total carbon recovery using Pearson's product moment correlation coefficient (R 2 ϭ 0.48) (34) , assuming that the data came from a bivariate normal distribution. This correlation might be due to the volatile nature of acetaldehyde, resulting in underestimation of the production level of this As expected, the wild-type strain (NZ9000) produced mainly lactate under anaerobic conditions (2, 30) . Formate production was not detected, which suggests that Pfl is irreversibly inactivated by the exposure to oxygen during preparation of the incubation mixtures (1, 17, 25) . Pdc overproduction under these conditions led to an effective rerouting of the pyruvate metabolism towards acetaldehyde and ethanol. The relatively high ethanol production level probably reflects the high NADH/NAD ϩ ratio as a consequence of the reduced flux through the NADH-dependent Ldh pathway and favors the conversion of acetaldehyde to ethanol by NADH-dependent Adh. This conclusion is supported by calculations of the redox balance based on glucose consumption and metabolites found ( Table 1) . Highly remarkable results were obtained for the Nox-overproducing cells under anaerobic conditions. These cells displayed a metabolic shift from lactate towards acetoin and acetate that almost equals that observed for the same strain under aerobic conditions. Despite our efforts, the possibility of the presence of residual amounts of oxygen at the start of these fermentations cannot be excluded. However, these amounts would be far from sufficient to serve as the electron acceptor for the Nox reaction, which suggests that an alternative, unidentified compound might act as electron acceptor for the lactococcal Nox enzyme under anaerobic conditions. This possibility is clearly apparent from the observation that especially upon overproduction of Nox under anaerobic conditions, the calculated NADH/NAD ϩ balance suggests a very high metabolic excess of NADH, which supports the possibility of the presence of an alternative electron sink under these conditions. Notably, Nox activity and, consequently, the presence of an alternative electron acceptor under anaerobic conditions have been observed previously (M. H. N. Hoefnagel, unpublished observation; A. R. Neves, personal communication). Finally, wild-type cells containing high levels of Nox and Pdc can convert glucose to acetaldehyde with very high efficiency, which corresponded to almost 50% of the glucose consumed. Notably, the production of acetoin appeared to be entirely lost in these cells compared to that in cells overproducing Nox alone. Analogously to what was concluded above, the very low production levels of lactate and ethanol observed with Nox-and Pdc-overproducing cells under anaerobic conditions suggest that the NADH/NAD ϩ ratio is very low under these conditions. Theoretically, a high metabolic NADH excess is calculated again and thus confirms that the Nox enzyme can effectively regenerate NAD ϩ from NADH despite the absence of molecular oxygen. Consequently, the distribution of the available pyruvate between the Pdc and Ldh pathways is strongly favored towards NADH-independent Pdc, resulting in high-level production of acetaldehyde. Moreover, and as stated above, the volatile nature of acetaldehyde probably results in an underestimation of the level produced, which is corroborated by the carbon recovery levels observed during these fermentations, which appeared to be the lowest of all fermentations performed. The concentration of acetaldehyde produced in this fermentation (21.3 mM) is the highest produced in this study, exceeding the concentration that would severely inhibit the growth of L. lactis (see above), and thereby supports its application in a two-step fermentation process in a manner analogous to what is described here.
In conclusion, in addition to the previously established suitability of L. lactis as a production host for alanine (11) and diacetyl (14) , our acetaldehyde production results provide a third example of the suitability of this bacterial host for the production of metabolites that are derived from its central metabolic intermediate pyruvate in an industrially relevant two-step fermentation process. Moreover, industrially relevant production conditions were found to be most effective for the production of the important flavor compound acetaldehyde.
